ABSTRACT. A series of experiments, examining the confinement properties of ion cyclotron range of frequencies (ICRF) heated H mode plasmas, has been carried out on the Alcator C-Mod tokamak. Alcator C-Mod is a compact tokamak that operates at high particle, power and current densities at toroidal fields up to 8 T. Under these conditions the plasma is essentially thermal with very little contribution to the stored energy from energetic ions (typically no more than 5%) and with Ti N T,.
INTRODUCTION
Alcator C-Mod (hereafter referred to as C-Mod) is a compact high field tokamak with a highly closed divertor and with capabilities for strong plasma shaping [l] . Its major radius is 0.68 m, its minor radius is 0.22 and its toroidal field, B T , has been operated from 2.6 to 8.0 T. The plasma current, Ip, for these studies ranged from approximately 0.8 to available. Because of the large B/R ratio in C-Mod, ohmic heating is never negligible, contributing 0.5 to 1.5 MW depending OD plasma temperature and purity. The first wall is composed of molybdenum tiles and is designed to take the very high power loadings that occur in this experiment; values for the parallel heat flux of up to 0.5 GW/m2 have been measured [2] . The C-Mod divertor geometry, combined with the high densities, results in very effective baffling of neutrals. Divertor compression, the ratio of neutral pressure in the divertor chamber to the pressure in the main plasma chamber, ranges from 100 to 300 [3] .
H modes are easily obtained in C-Mod with ohmic and RF heating, over a wide range in L mode target conditions, including densities up to 3 x lo2' m-3
and fields up to 8 T [4]. The power required for the L-H transition is consistent with Ptot/S = 0.02 --0.04 nBT; with Ptot, the total input power me& sured in megawatts, S the plasma surface area in m2, ne in lozo mF3 and BT in teslas. The factors that cause the variation in required input power are not well understood, but seem to be related to impurity levels, wall conditioning and neutral pressure. Initially, the H modes were characterized by strong, high frequency edge localized modes (ELMS) or brief ELM-free periods with accumulating impurities and high ratios of frad = Prad/Ptot. These results, combined with those reported on other devices [5] , led us to study the effect of boronizing the vacuum chamber [6] . In C-Mod, vessel conditioning is accomplished via electron cyclotron discharge cleaning (ECDC) in which 2.5 kW of microwave power at 2. 45 GHz is applied as the toroidal field is slowly ramped from 0.06 to 0.14 T (measured at R = 0.67 m), sweeping the resonance over the vacuum wall. For boronization, the discharge cleaning gas was replaced with a 9:l mixture of helium and diborane (B2Ds). The boron coating was renewed about once a week. Following boronization, radiated power, which was primarily due to molybdenum, was lower and H mode performance was dramatically improved. Unless explicitly stated, results in this paper refer to discharges produced following the boronization campaign.
MEASUREMENTS AND METHODOLOGY
The set of diagnostics available for transport studies on C-Mod includes: electron cyclotron emission (ECE) and Thomson scattering for measuring Te(y, t); a two colour interferometer (TCI), reflectometry and Thomson scattering for determining n e ( T , t); an array of high resolution X ray spectrometers for measuring Z(r, t); neutron emission diagnostics for determining X ( 0 , t); a visible bremsstrahlung array for measuring Z e~( r , t); a bolometer array for measuring radiated power profiles, Prad(?-, t); various spectrometers for determining impurity content; and a full set of magnetic diagnostics for calculating the magnetohydrodynamic (MHD) equilibrium and related quantities. The plasma stored energy is calculated by integration of the density and temperature profiles (Wkin) and by analysis of the equilibrium with the EFIT code [7] (WMHD). These generally agree to within 20%. Most of this discrepancy can be understood as the result of errors in experimentally measured quantities; estimates of these errors are summarized in Table I . A residual systematic difference between the magnetic and kinetic calculations remains. The larger part of this difference can be explained as kinetic energy stored in the minority ion tail, leaving a residual systematic difference of less than 5% of the total. When suitable background data are available for subtraction of stray field effects, we can also obtain the stored energy by analysis of the diamagnetic loop signals. These are in good agreement with WMHD. Shots for confinement analysis were chosen to be in quasisteady state with respect to stored energy, density and magnetic equilibrium. Time slices used for comparison with scaling laws were chosen with frad < 0.5; dW/dt < 0.35Pin; dne/dt < 0.4ne/m; and 4195 > 3. (The selection criteria correspond to those of Refs [8, 91.) For full profile and time dependent analysis the TRANSP [lo] code is used. This code uses measured plasma profiles as inputs and then calculates the electron and ion heat balance, the particle balance and the magnetic diffusion with a fixed boundary equilibrium. For ICRF heated plasmas, the full wave SPRUCE [ll] code linked to the Fokker-Planck solver FPPRF [12] is used to calculate the heating power to ions and electrons. SPRUCE assumes perfect wave power absorption, and thus overestimates absorbed power. From an analysis of transients of R F perturbations (by changes in the slope of Wdia), we estimate the absorbed fraction to be 90 f 10% and this number is used for all global calculations. For our H modes, which are at high densities, the code results indicate that the energy in fast ions is less than 5%. The 'thermal' nature of these plasmas is confirmed by observation of sawtooth reheat rates, which show very little contribution to plasma heating from fast ions immediately following the turnoff of ICRF power. For similar reasons, the electron and ion temperatures are not very different. The ionelectron equilibration time, ~, i , ranges from 2 ms near the plasma edge to 10 ms in the core. These values are much less than the energy confinement time. Figure 1 shows traces from a typical ELM-free H mode, obtained after a short dithering period which occurs as the ICRF power rises. This discharge had a plasma current of 1.0 MA, a toroidal field of 5.3 T and an elongation of 1.65; the safety factor at the 95% flux surface 495 was 3.7 during the H phase. There is no appreciable auxiliary heated L phase in this discharge as the ohmic input power, by itself, is very close to the threshold. In fact, L-H dithers can be seen during the ohmic phase at 0.67 to 0.69 s.
H MODES IN C-MOD OBSERVATIONS
,8 corresponds to very high pressures; central values of 0.5 MPa are regularly attained. The strong sawteeth seen on the electron temperature are common for all R F heating discharges, whether in L mode or H mode. The sawteeth, which are not seen on the ion temperature signal because of spatial and temporal averaging, only redistribute particles and energy in the plasma core and make a negligible contribution Once the plasma enters H mode, strong increases are seen in density, stored energy and confinement time,
While the plasma density continues to ramp up during the entire H phase, the confinement enhancement, H I T E R B~, [13] reaches 2.4 then drops gradually as the radiated power increases. Stored energy also dips slightly before the end of the R F pulse for the same reason. During the RF pulse, as the H mode develops, frad increases from about 0.20 to 0.75. The increase in radiated power is attributed to a dramatic increase in impurity confineto global transport.
Under similar conditions, but at a slightly higher target density, ELMy H modes are obtained ( Fig. 2(a) ). After an initial drop, the Ha light increases and eventually exceeds the L mode levels. Most of this light originates in a high density, low temperature 'radiative condensation' region [ 141 located above the divertor 'nose' on the inner wall of the vacuum vessel. On top of this steady Ha light, numerous sharp spikes can be seen. These are signatures of ELMS, which come in clusters and are ment, which will be discussed in a later section. /?N reaches 1.5, which, while finite, is below the expected ,8 limit, which is calculated to be in the range 2.0 to 3.0. Since the machine is running at high field, this somewhat correlated with sawteeth. In this case, the plasma density rise is initially faster, but saturates and remains essentially constant during the rest of the H phase. Energy confinement is not quite as good as in the ELM-free discharge, HITER89 reaching 2.0 and remaining at that level. Radiated power is lower for the ELMy discharge, frsd < 0.3 for the entire H phase. As we will discuss later, the impurity confinement for these discharges, while substantially higher than for L mode, is well below the levels of the ELM-free discharges. Figure 2 (b) shows an expanded view of several traces for the same shot. Details of the ELMS can be seen in the Ha and the edge electron temperature which is measured via ECE. Some admixture of density perturbation may be present in the ECE signal as the second harmonic emission is almost cut off at these densities. None the less, the perturbations are 'edge localized' and associated with a smaller average temperature pedestal, reduced impurity accumulation and slightly reduced energy confinement.
As seen on many other devices [15-171, the H mode transition is accompanied by a strong increase in the edge temperature and density. Figure 3 shows temperature profiles, taken with an ECE grating polychromator, comparing L and H modes with similar line averaged density, plasma current and input power. Data from outside the separatrix are available from fast scanning probe measurements [HI. The resolution for the ECE measurement is about 1 cm and the combined errors in measurement and separatrix position are about 0.3 to 0.5 cm, thus we cannot yet resolve the width of the transport barrier. Similar data are shown in Fig. 4 , where density profiles from gradients characteristic of the H mode transport barrier are clear, but instrumental resolution and positional uncertainties again limit resolution to about 1 cm. The reflectometry measurements also reveal that the transition is accompanied by a sharp drop in edge density fluctuations (Fig. 5) . The decrease in fluctuations is always fast, typically occurring in less than 100 ms. The combination of strong edge gradients in temperature and density leads of course to a similarly strong edge pressure gradient. Even though the toroidal field is large, the edge p gradient, p', is substantial. The parameter a = RP' reaches values of at least 0.4 and stability analysis shows many discharges with edge gradients at or above the ideal first stability limit. Nevertheless, no type I (giant) ELMS are observed [19] . Future work in this area will concentrate on improving the resolution of the edge profile measurements. 
l~~, 8 local poloidal ion gyroradius. Temperature gradients are not as strongly affected and the temperature at the separatrix is approximately the same for L and H modes. The implication of these measurements is that the H mode transport barrier extends a short distance into the SOL. A side effect of these very sharp density gradients is the necessity of moving the plasma closer to the ICRF antenna, at the L-H transition, in order to maintain ICRF antenna loading. As shown in Fig. 6 , this does not result in any degradation in confinement even with a gap between the separatrix and a nominal outer limiting surface of 2 to 3 mm. (The estimated error for determining the separatrix position is also about 2 to 3 mm.)
CONFINEMENT RESULTS
The improvement in energy confinement between L and H mode discharges can be clearly seen in Fig. 7 , where the plasma stored energy is plotted versus input power. While there is more scatter in the H mode data, ELM-free H modes have on average 2.2 times the stored energy of the L modes. The corresponding ratio for ELMy plasmas is about 2. Figure 8 shows the confinement enhancement plotted against the radiated power fraction. This plot includes time slices with high radiated power that are excluded from the confinement database.
Above frad N 0.5, H mode confinement degrades, approaching the L mode values as f p a d approaches 1.0. Remarkably, the global L mode confinement is unchanged over a range in frad from 0.2 to 1.0, showing an essential difference between L and H mode confinement. At the moderately high temperatures of these discharges, radiation is peaked in the edge region. While this has little effect on L mode plasmas, which already have a cool edge, it is devastating to the H modes, which require a much hotter boundary. This result may explain, in part, the improvement in performance seen in H modes with boronized walls. Figure 9 compares traces from ELMy H modes with similar plasma current, density and RF power taken before and after the boronization. The dramatic differences in radiated power, edge temperature and confinement enhancement are clear. Profiles of the radiated power for the two shots are shown in Fig. 10 , indicating strong core radiation from molybdenum for the unboronized discharge. The effect on confinement can be seen in Fig. 11 
GLOBAL SCALING
So far we have discussed our H modes in relation to L modes and to L mode scaling. ,The parameter range for our H modes is not yet sufficient to reveal significant scaling trends in these data by itself; however, some features are worth discussing. The L mode data on C-Mod are consistent with ITER89-P, but a regression on the data yields a scaling that is much more 'Goldston-like' [20, 211 in its parametric dependence, TE N I P / P 1 l 2 , although with a coefficient about 50% larger than that in Ref. [21] . The new H mode data are consistent with a multiplier of about 2 compared with our own L mode scaling. Although we have no data below 495 N 3 where confinement degradation has been reported [8] , there is no clear dependence of the H mode enhancement over a range in 495 from 3 to 5. This can be seen in Figs 12(a, b) where the H factor (relative to H mode scaling laws) is plotted versus 4 9 5 . Here, we are concerned only with the trend versus 495; the discrepancies with the scaling laws will be discussed in the next section. As seen on other machines [15] , the best H modes have confinement times that approach, but do not exceed, values from ohmic, neo-Alcator scaling [22] . An obvious question is how C-Mod data compare with scaling laws previously derived from other machines. The ITER database group has assembled a large data set from a number of tokamaks and carried out systematic scaling studies [9] . Regressions are available for ELM-free and ELMy discharges and for total and thermal stored energy. We note at the outset that for C-Mod parameters, the thermal energy, calculated from these regressions, exceeds the total energy; an obvious impossibility. Figure 12 is much closer to the C-Mod data. As with the ITER scaling laws, our data suggest that the size scaling of the nominal JET-DIII-D law may be too strong. 6 . TEMPERATURE PEDESTAL correlated with ELMy or radiative discharges. QuantitativelK there is a clear correlation between the quality of confinement in H mode and the height of The most salient feature of H mode plasmas is the the edge pedestal. In Fig. 14, HIT ER^^ is plotted veredge temperature pedestal, which on C-Mod can vary sus the electron temperature measured at the 95% from 0.25 to 0.8 keV. Not surprisingly, the largest flux surface. There appears to be an offset linear relapedestals tend to occur in ELM-free discharges tionship between the H factor and the edge temperwith low radiated power; the smallest pedestals are ature; a trend that also fits a small set of L mode data, which is also shown. The L mode data are chosen to have engineering parameters as close as possible to those of the H modes. While the edge pedestal, by itself, can account for a part of the stored energy increase seen in H mode, a significant improvement in core confinement is also observed [15] . Figure 15 shows profiles of thermal diffusivity, comparing an H mode discharge with an L mode discharge for similar global parameters. At the densities present in these discharges, the measurements of the Te and profiles are not accurate enough to separate out the transport channels. Instead, we have plotted xeff defined by
Xeff E (qi + q e ) / ( n e a T e / a r + nimi/ay).
What is found for these discharges and other similar pairs is that the diffusivity in H mode plasmas is about a factor of 2 lower than that in L mode plasmas, across most of the profile. Measurements in the SOL also show XI dropping by about a factor of 2 over a distance of 2 to 3 mm from the separatrix [3] . This implies that the transport barrier extends a few ion poloidal gyroradii into the scrape-off plasma.
Another interesting feature, seen in our data, is the relationship between the quality of the edge This point is made again in Fig. 16 , where the core temperature gradient is plotted against the edge pedestal height. The data show an offset linear relationship between the edge temperature and the core temperature gradient. Such a simple relationship raises the question about the role of marginal stability or critical gradients in determining plasma transport.
IMPURITY TRANSPORT
The increase in impurity levels that was discussed in an earlier section is not due to an increase in impurity source levels or to an improvement in impurity penetration. Impurity screening experiments indicate that the fractional penetration of injected gaseous impurities is lower in H mode than in L mode. Instead, the important factor in raising impurity levels is a dramatic increase in impurity confinement [25-271. This phenomenon can be investigated by following the transport of trace amounts of nonintrinsic, non-recycling impurities that are injected into the plasma by the laser blow-off technique [28] . Figure 17 shows examples where scandium was injected into L and ELMy H mode plasmas. Brightness profiles of the lines from helium-like and lithium-like scandium were measured with an array of high resolution X ray spectrometers (HIREX [29] ) and a scanning XUV grazing incidence spectrometer [30] . The helium-like scandium exists in the plasma core, while the lithium-like scandium is peaked at ~/ a N 0.8. Two important features of these experiments are evident; the decay times for impurities, TI, in the H mode plasmas are much longer than those in L mode; and the amounts of impurities that find their way to the plasma core are much greater. Impurity confinement times in ELMy H mode are at least 0.2 s, compared with -0.02 s in L mode. This ratio is much larger than the corresponding ratio for energy confinement times; in H mode, TI is at least 3TE. During ELM-free discharges the impurity confinement can be even longer, so long that an accurate measurement is not possible. We estimate that TI > 0.5 s for these cases.
Because spatial and temporal data are available from the measurements, it is possible to compare the does not necessarily produce a unique solution for the transport coefficients, it does demonstrate essential features that these coefficients must have. To account for the long decay time, the diffusion coefficient must be substantially lower in H mode plasmas, while the increase in impurity inventory can be explained by a strong inward pinch, localized in the plasma edge. An example of transport coefficients that can produce a good match to the data is shown in Fig. 18 . These results are similar to those reported on DIII-D [33] , although these transport coefficients are substantially larger than the ones shown here for C-Mod. It is also worth noting the similarity in magnitude between the diffusion coefficients shown here and the thermal diffusivity shown in Fig. 15 . The two sets of curves are of the same magnitude and the reduction in diffusivity seen at the L-H transition is about a factor of 2 in both cases. There is no analogy to the very strong inward pinch seen in the particle transport and this accounts for the very different values for particle and energy global confinement.
SUMMARY AND DISCUSSION
We have reported on energy and impurity particle confinement in ELMy and ELM-free H modes in a high field, high density regime. The beneficial effects of boronization were demonstrated once again; plasmas run on boronized walls had better confinement and lower radiated power than those run on untreated molybdenum walls. It is important to note that the surface power densities in C-Mod exceed those of all other tokamaks, reaching values predicted for ITER or other burning plasma devices. With boronization, confinement enhancements over 2 were routinely obtained for a period of many confinement times. Quasi-steady conditions were reached in ELMy, enhanced recycling discharges. Energy and particle diffusivities were found to be of the same magnitude and each decreases by approximately a factor of 2 after an L-H transition. The difference, consistent with critical gradient models (e.g., ion temperature gradient theories), but confirmation awaits quantitative comparisons.
In our studies of H mode plasmas, we have measured energy confinement times that are consistently higher than what is predicted by the commonly used scaling laws. These scaling laws, which have a 10 to 20% root mean square error about the data that were used to derive them, did not reference C-Mod data; thus, our experiments provide an excellent test for extrapolation of these laws. The result, that C-Mod data lie outside the fitting errors, should call into question the use of these laws for extrapolation. In particular, attention needs to be paid to scaling law dependences that are not readily apparent in data from individual machines. In this case, data covariances that occur naturally may be corrupting the results. For example, 73 is usually seen to have only a weak dependence on ne or BT [8, 251; however, n, BT and R have a natural covariance through the density limit that scales roughly as BIR and could result in incorrect fitting coefficients for all three variables. In particular, our data may suggest that the size scaling in the scaling laws is too strong. Other variables, for example, divertor compression and neutral pressure (which are very high in C-Mod), may be important for H mode confinement, and have not yet been included in empirical scaling laws. Of course, in the absence of a comprehensive first principles theory for plasma transport, empirical scaling will remain an essential tool, but we must constantly remind ourselves of the limitations of that approach.
